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Abstract:

ANN models for the opening jaw starting
from the closed position are studied here. The
modelslink final tension valuesin four active jaw
musclesto final jaw positions and final tensions
in the remaining muscles. The models assumethe
jaw opensin the midline: thus, right- and left-side
muscleshave equal tensions,and jaw motion is in
two dimensions. We have examinedtwo ANN jaw
models. One givesjaw motion and passivemuscle
tensions given active muscle tensions. The other,
possibly of practical use, gives jaw motion given
active muscletensions; passivemuscletensionsap-
pear as signals inside the model.

| Introduction.

An electrical engineerspendsmuch of his life
modelling electricalphonemaso modellingbecomes
secondnhatureand M.P.B. hasbeenfascinatecby Ar-
tificial NeuralNetsnot somuchto modellife systems
directly, asto producefast and teachableprocessors
which can be taughtto producemuch the samere-
sultsasthosefrom “in vivo” measurementsr from a
suitablebiomechanicakimulator. High speedarises
by processingn parallel: teachabilityarisesfrom the
Back-PropagatioMethodfor settingcircuit weights.
“Cause” and “Effect” dataonly are required.. The
jaw is complex physiologically, and it is generally
believedthat at least16 musclesare usedto produce
jaw motion. The active set providesmuscletensions
to overcomeinertia, to move the jaw againsta food
bolus if present,and so on; and the inactive mus-
clesdeveloptensiongo resiststretchpassively.Early
possibilitiesof using ANNs to model jaw behaviour
were pointedout by [9], but herewe are working to
developan essentiallysteady-statenodel of the jaw.
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Recently [5], the Peck-Langenbach-Hanna(®PLH)
dynamicmodelhasbeendevelopedat U.B.C for the
humanjaw. It is basedon publishedmusculoskele-
tal data, and usescomplexcomputingtechniquego
produceplausible, wide, jaw-opening. Each of the
jaw musclesis modelledfrom appropriateanatomi-
cal and physical propertiesas a single-line actuator
[10] which include an active componentepresenting
motor drive by the centralnervoussystemanda pas-
sive componentdeterminedby local musclestretch.
The actuatorscreateforceson a jaw with averagege-
ometricaland inertial properties,and causerealistic
jaw motions. By contributingto a betterunderstand-
ing of operationaprinciples,simulatordike this offer
bioengineeringsolutionsto problemsencounteredy
practitionersin variousfields of therapy.

The above simulator is a rich source of data
with which to train the presentANN-jaw models.
The systemis assumedo be symmetrical,and jaw
positionis given by the x-coordinate miptx, and y-
coordinate mipty, of a midline incisal point relative
to anorigin at the closedposition. Dueto symmetry,
16 muscle tensionsare representedoy 8 pairs of
data. The measurements Table 1 representhose
for jaw openingonly. Two openemusclepairswere
activated,namelythe anterior belly of the digastric,
dg, and the inferior head of the lateral pterygoid,
ip. The other muscleswere not activated,but they
developedpassivetensionsdue to their viscoelastic
propertiesand changesin musclelength as the jaw
moved. The measurementare for steady-statenly.
By this is meantthat, e.g. for columni=2, if steady
muscletensionsdg=0 Newtonsand ip=1.5 Newtons,
thenthe jaw will openby anamountmiptx = 0.0173
Meter and mipty = 0.0037 Meter; the remainingsix
muscle-pairswill settle to tensionsindicated. The
ANN modelwhich solvesequation(1) belowis based
on this table.
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Tablel: 3 setsfrom a 59—setof
steady-state measurement®f T(m;i) from
the PLH simulator.

m Seti=1 Seti=2 Seti=3

dg |1 0.0 0.0 0.0

ip 2 0.0 15 3.0

X 3 .001 .017 .025
y 4 -.004 .004 .008
at |5 .384 431 379
mt |6 A72 334 401
pt |7 136 .608 702
sm |8 .394 .302 .348
dm |9 147 .156 167
mp | 10 315 321 324

Legend: T(m;i) = “target” value of muscletension
or jaw displacement. x =jaw—displacemenimiptx
(meters),y = jaw-displacemenmipty (meters). dg
andip areactivemuscletensionsall otherquantitites
are tensionsof passivemuscles. All tensionsare
expressedn Newtons.

Il.I The ANN Jaw Model.

Thefield of Artificial NeuralNetworksis mature
and many applicationsare reported. Currenttextsin
the field are [1,4,7]. A convenientstarting point to
the ANN designis to considerthe 10 x 59 matrix
of experimentaldata (the first 3 setsare shownin
Table 1). The first two row entries,dg and ip, are
the “cause” of “effects” shownin the other rows, x
= miptx, y = mipty, ...... mp. Supposewe discount
cross-informatiorbetweenthe effects, then a simple
effect—causeequationcan be written:

T(m;i) = F{m; [T(1;2), T(2;1)]} (1)

whereT(1;i) is theith valueof dg, andT(2;i) is theith
value of ip. The left-handtermsare “target” values
for m = 3-10,and i = 1-59. For a particular m,
we havetwo inputs. What ANN configurationwould
solve this?

“Theorem 1.1: A 2-layer neural network with
2N+1 neuronsin the first (hidden) layer and with
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suitabletransformation®f the input signals,can ex-
actly implementany functionin an N-dimensionain-
put spacgN=2)" Annemal995).ForN=2, the hidden
layershouldhave5 or moreprocessinglements.We
assumedhat the theoremreferredto a lower limit,

and we found that somewhatbetter resultswere ob-
tainedwith 8 neuronsin the hiddenlayer. Thus,the
2—-8-1corfigurationin Figure 1.

Eight separatenetworks, (Figure 1) realized
equation(1) with O(m;i) replacing T(m;i); the two
areaboutequal. Details of training and othermatters
werereportedin [2]. NMSE() will belessthan0.003
after a small amountof training. (Incisor motion an-
terior, miptx, with 281 architecturehasa fairly large
error, but this can be reducedby a factor of 3 using
a 3-layerANN with architecture2641.)

W(m;0,0)
a

b
W(m;0,1)

dgCa

W(m;1,0)

W(m;0,2) Estimated
: w(m;1,1) muscle tension
e O(m;i), m=5-10
Active Muscle
Tensions or Jaw

Displacement

W(m;1,7) O(m;i), m=3,4
Output
b Neuron
ip A W(m;0,14)
Input b “W(m;0,15)

Neurons

Hidden
neurons

99ANNJAWL. drw

Figure 1: mth 2-8-1 two-layer
ANN for realizing equation(1).

II.II Free-moving jaw,
FeedbackModel ANN2

Thefirst two rows of Table 1 give input causing
jaw opening;the next two rows give resulting jaw
movements.We would like our ANN jaw modelto
work only with thesequantitiesbutto give, in passing,
the datafrom the remainingrows. This canbe done
usingtwo interconnectedetworkswhich respectively
obeyequationg2) and(3). Givendata(Table1) will
againbe denotedl (m;i): dataproducedby the ANN2
will be denotedO(m:;i).
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Jaw opening, miptx, mipty,

0(3,4;7) =
P AT(154), T(2:14), 053 ), 0(65.),, 0(10; 1)}

(2)

Passivemuscletensions,

0(5,6,, ,1O;i):F2{T(3;i),T(4;i)} (3)

dg = T(1;) a
inputs ,
—
ip = T(2:) AN Network 1

(see text)

0(3;i),0(4:i)v
m ptx, mpty

Passive
Muscles

AN Network 2
(see text)

0(5;))

00jaw2.drw

Figure 2: ANNSs for 2 active muscle-pairs
and 6 passive muscle—pairsfor the free-
moving jaw, ANN2.

We shall train network 1, to realize equation
(2): this will be a 8-X-2 network where X is yet
to be determined..Network 2 realizing equation(3)
requiresan architectureof 2—Y-6 whereY hadyet to
be determined. We found that 8—20-2and 2—-30-6,
a total of 68 processingelementsgive ANNs which
canbetrainedto give an NMSE of lessthan0.0002.

1l Discussion.

The ANN jaw model of Figure 1 seemsadequate
to representhe various steadymuscletensionsand
jaw movementdistedin Table1 by obeyingequation
1. Similarly, The ANN2 (Figure 2) gives useful
relationsbetween“cause”dg ip, and “effect” miptx,

mipty, etc.. The ANN modelswill produceresults
in a fraction of the time neededby the non-linear
biomechanicaimodel.

A “spline” approach[8, 11] using the data of
Table 1 was proposedand implementedrecently by
Dr. lead Rezekand Dr. Stephend. Roberts,both
at Imperial CollegeLondonbut now at University of
Oxford England. Good resultswere obtained. This
approachmerits further work.

ANNZ2 is of specialinterest. Supposeve teacha new
2—-20-2network, say ANN3, to produceoutputsdg,
ip for inputs miptx, mipty. Then, ANN3 can drive
ANN2 with inputs miptx, mipty and final outputs
expectedvalues of miptx and mipty. ANN2 will
producemuscletensionpairs O(5;i) — O(10;i). Thus,
for any jaw displacemenin our teachingset,we can
get correspondingnuscletensions.If the ANNs can
generalizédrom whattheyhavebeentaught,it maybe
possibleto get muscletensionsfor jaw displacments
not in the training set.

Two main questionsremain.
Doesthework applyto theasymmetricatase?If so,
we might considerthe full range of responsesor-
mally availableto humans,including motions used
for masticationand otheractsinvolving the differen-
tial activationof musclesacrossthe neuraxis.?
Isit possibleto developa NeuralNetworkwith delays
which will solve the dynamicjaw motion problem?
Hints at elaboratesolutions are containedin refer-
ences[3,6]. Considera sampledversion of ANN2
in which i is now the samplingindex. It hasbeen
trainedto obey equations?2 and 3. We wish to pro-
ducejaw movementfrom onesteady-state, = | and
terminatingatanothersteady-state= Ig. Asit stands,
our ANN2 will consistentlyunder-predictmiptx and
mipty becausegjaw inertia was not included in the
training.

A suggestedolutionfollows. Alter equation(2)
and (3) to include previoussamplesof the output:

0(3,4;1) =
" { T(1;4), T(2;4), T(3,i — 1), T(4,i — 1), }
3\ T(3,i - 2),T(4,i — 2),0(5,4),,,0(10, )
(4)

O(3;i—1),0(4;i —1),0(3;i —2),|
{ 0(4)172))0(5)1)”)O(]-O)l) } B
P AT(30), T(;1)) (5)
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A new network similar to that in Figure 2 but hav-
ing feedbacklinks is describedby equations(4) and
(5). We suggestraining it with the Backpropagation
Method. Training setscanbe obtainedfrom the PLH
model. Thetrainingsetswill havespecialinterestbe-
causewve wantthe networkto generalizéby predicting
near-correcbutputswhateverthe shapeof the driv-
ing setT(1,i); T(2,i). We canobtaintrainingsetswith
differing waveslinking the terminal starthgand stop-
ping points. Another matter: How doesthe network
behavewhen the starting and stoppingpoints them-
selvesare altered? The Artificial Network of equa-
tions (4) and(5) shouldbe ableto mimic the moving
jaw underthesevariationsof dg andip andwe hope,
in time, to demonstratehis experimentally.
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